[1] Observations at Summit, Greenland suggest that the annual mean near-surface air temperature increased at 0.09 AE 0.01 C/a over the 1982-2011 climatology period. This rate of warming, six times the global average, places Summit in the 99th percentile of all globally observed warming trends over this period. The rate of warming at Summit is increasing over time. During the instrumental period , warming has been greatest in the winter season, although the implications of summer warming are more acute. The annual maximum elevation of the equilibrium line and dry snow line has risen at 44 and 35 m/a over the past 15 and 18 years, respectively. Extrapolation of this observed trend now suggests, with 95% confidence intervals, that the dry snow facies of the Greenland Ice Sheet will inevitably transition to percolation facies. There is a 50% probability of this transition occurring by 2025.
Introduction
[2] The frequency with which air temperature and melt records are being established in Greenland is exceptional. Nine of the ten warmest years since 1961 have occurred since 2000, while the six warmest summers have occurred since 2003 [Hanna et al., 2012] . Surface melt extent has increased by~16,800 km 2 /a over the 1979 to 2011 period . Record or near record melt extents occurred in 2002, 2005, 2007, 2010, and 2011, leading up to the 2012 extreme event, when 98.6% of the Greenland Ice Sheet (GrIS) briefly experienced surface melt [Nghiem et al., 2012] . In conjunction with the dramatic and sustained loss of Arctic sea ice extent and thickness [Cavalieri and Parkinson, 2012] , these observations stress that the Arctic climate is no longer in steady state, whereby climate oscillates around a mean and extreme events are relatively rare. Instead, the Arctic climate is presently in a highly transient state, whereby extreme events frequently exceed the climatological mean as climate variables trend in preferred directions.
[3] Surface air temperature and melt decrease with increasing elevation on the GrIS, giving rise to distinct ice and snow zones, which gradually transitions from the ice facies in the ablation area, at the lowest elevations, through the wet snow and percolation facies at mid-elevations, to the dry snow facies at the highest elevations, where no surface melt occurs [Benson, 1962; reprinted 1996] . Here, we show that the observed expansion of GrIS surface melt extent over the past three decades [e.g., Tedesco et al., 2011] has driven an upward migration of both the equilibrium line and dry snow line. The brief record surface melt in July 2012, which extended over the traditional dry snow facies, including Summit, was unprecedented during the satellite era [Nghiem et al., 2012] . Prior to this event, the most recent melt event at Summit occurred in 1889, which was one of only eight such events to have occurred in the past~1500 years [Clausen et al., 1988; Meese et al., 1994] . Summit melt frequency has varied throughout the Holocene, ranging from once per 82 years from 5500 to 8500 BP, to once per~250 years from 1000 to 4000 BP [Alley and Anandakrishnan, 1995] .
[4] Runoff presently accounts for~50% of the~250 Gt annual mass loss observed from the GrIS [Rignot et al., 2008; van den Broeke et al., 2009] . Record negative annual mass balances in 2010 and 2012, of À430 Gt and À574 Gt, respectively, coincided with record negative surface mass balances [Velicogna and Wahr, 2006, updated; Box et al., 2012a; Hanna et al., 2012; Tedesco et al., 2013] . Greenland's melt season has lengthened by >10 days per decade, especially at low elevations near the ice margin, where meltwater production is greatest [Tedesco et al., 2013] . While the recent expansion of high elevation melt extent is unlikely to have contributed to runoff , the presence or absence of dry, percolation and wet snow facies remain an important indicator of ice sheet health. The potential loss of the dry snow facies may be viewed as an important, albeit very early, milestone in the transition of a viable ice sheet, one maintained by some balance of accumulation and ablation, to an ice sheet that has ultimately been tipped into irreversible decline by the loss of its dry snow accumulation area.
[5] We seek to place the 2012 GrIS-wide melt event in the context of both regional and global climatology and consider the future evolution of Greenland's ice and snow facies. First, we present a compilation of all mean near-surface air temperature (NSAT) observations from the vicinity of Summit, Greenland, from meteorological stations, firn temperatures and reanalysis data, over the 1950-2011 period. This NSAT record allows us to characterize the magnitude of the recent warming at Summit, which we then compare to a global inventory of observed air temperature trends. Second, we use in situ observations to estimate the annual maximum elevation of the 0 C isotherm, which delineates the lower boundary of the dry snow facies (i.e., the dry snow line), and the equilibrium line altitude (ELA) along a transect west of Summit during the 1995-2012 period. Extrapolating the observed trends in both features allows us to assess the future distribution of ice and snow facies in Greenland, and specifically, constrain the timing of the disappearance of the dry snow facies.
Methods
[6] NSATs compiled from meteorological stations and firn temperatures within 250 km of Summit, Greenland (Table S1) were corrected to the latitude and altitude of Summit using previously published altitudinal and latitudinal lapse rates [Steffen and Box, 2001] . In order to ensure a common datum, the positional information accompanying each in situ measurement was used to interpolate elevation from the digital elevation model of Scambos and Haran [2002] . Higher temporal resolution (e.g., hourly) meteorological station observations were first aggregated into monthly and then annual mean values, in which all 12 months were of the standard calendar year and had, on average, 95% data coverage. NSATs observed at Greenland Ice Sheet Project II (GISP2) and Greenland Climate Network (GC-Net; Steffen and Box, [2001] ) meteorological stations are presented from 1987 to present as annual and standard 3 month seasonal mean values.
[7] Surface skin temperatures (and thus firn temperatures) are systematically lower than the NSAT at Summit due to a persistent negative surface energy balance, which causes a quasi-permanent temperature inversion. We account for this discrepancy by calculating the difference between coincident GC-Net mean annual NSAT and 10 m firn temperatures. We accordingly assess a correction factor of +0.9 C to all firn temperatures when deriving equivalent NSATs, which is consistent with an average +0.7 C offset reported by Cuffey and Paterson [2010] . From the coincident firn and air temperature comparison, we also assess a temporal lag of À0.6 years to firn temperatures when determining the year of equivalent NSATs. NSATs inferred from the majority of firn temperatures (75% of observations) were interpolated at 10 m depth from firn temperature profiles. At a minority of sites, however, single depth firn temperature observations, at depths between 8 and 10 m (5%) and 10 and 15 m (20%), were treated as equivalent to 10 m temperatures (Table S1) .
[8] The NSAT at Summit derived by the Modern-Era Retrospective Analysis for Research and Applications model (MERRA; Rienecker et al., [2011] ) over the 1979-2011 satellite observation period agrees well with all available NSAT meteorological observations (r = 0.74, n = 27, p < 0.01; Figure 1 inset). We therefore include NSATs derived from MERRA in our compilation of Summit NSATs. We compare the recent warming trend in NSAT observed at Summit to previously published global surface air temperature trends ( Figure 2 ; http://data.giss.nasa.gov/gistemp). This analysis includes land surface trends from the Goddard Institute of Space Studies analysis [Hansen et al., 2010] and sea surface temperature trends from the Hadley Center analysis [Reynolds et al., 2002] .
[9] We determine the maximum elevation of the 0 C isotherm (hereafter 0 C IE) and annual ELA along the 70.66 N parallel in West Greenland, the mean latitude of GC-Net stations JAR 1 (932 m), Swiss Camp (SC; 1176 m), Crawford Point (CP; 2022 m), and Summit (3208 m), over the period 1995-2012. The 0 C IE is interpolated from an ordinary least squares (OLS) regression of hourly mean NSATs along the transect, except in 2012, when we apply an atmospheric lapse rate of 7.1 C/km to extrapolate the 0 C IE above Summit [Steffen and Box, 2001] . In the spirit of Benson [1962] , who characterized the dry snow line with a given isotherm, we take the 0 C IE to be the maximum elevation of surface snow melt and thus delineates the dry snow facies. We explore a range of temporal averaging thresholds (24, 6, and 1 h periods) for determining the isotherm associated with the dry snow line, but find that only the 1 h threshold captures the 2012 melting event at Summit (Figures S1). This characterization is consistent with remote sensing observations of melt extent using both passive microwave and scatterometer instruments, which are highly sensitive to snow wetness [Steffen et al., 1993; Nghiem et al., 2001] . As NSAT is only a proxy for the complete surface energy balance, this choice may be conservative. For example, a second, albeit much weaker, Summit melt event was observed on 29 July 2012 by scatterometer, when the Summit NSAT only surpassed 0 C for 1 min [Nghiem et al., 2012] .
[10] The annual ELA is calculated for the 1997-2011 period (except 2007 when data are not available), by interpolating the elevation of net zero surface mass balance via an OLS regression of observed surface mass balances along the GC-Net transect. Annual net surface height loss at JAR 1 and SC, due to ice ablation, is converted to water equivalent (w.eq.) assuming the density of ice (900 kg/m 3 ). Net surface height gain at CP, due to snow accumulation, is converted to w.eq. using a mean density of 350 kg/m 3 derived from in situ snow pits. Following Harper et al.
[2012], we assume all meltwater produced at CP infiltrates and refreezes in situ, as sufficient firn capacity remains to suppress runoff. Thus, any surface lowering at CP is attributed to densification rather than mass loss. We convert ELA to distance from the coast using observed ice sheet geometry [Scambos and Haran, 2002] . We assess temporal trends in ELA and 0 C IE using 95% confidence intervals generated by simulating the observed data 10,000 times within the uncertainty of the observations and performing an OLS regression in each simulation (Table S2 ). This process is repeated, sequentially removing one annual observation during each simulation, to derive the final confidence intervals. We extrapolate the observed trends in the ELA and 0 C IE to examine the potential future distribution of GrIS snow facies (Figure 3 ). C/a trend at Summit, six times the global average trend, ranks in the 99th percentile of all globally observed temperature trends over the climatology period (Figure 2 inset) . We note, however, that the polar regions, where recent warming has been greatest, are overrepresented in the 9% of the Earth's surface for which observed temperature trends are not available. Thus, the observed global mean temperature trend and the percentile rank of Summit are likely biased towards lower and higher values, respectively.
Results
[12] Examining seasonal meteorological observations from the post-1987 continuous instrumental period provides insight on the relative contributions of seasonal changes on the evolution of mean annual NSAT ( Figure S2 ). Since 1987, winter air temperatures exhibited a significant positive trend of 0.18 AE 0.08 C/a (r = 0.44, df = 22, p < 0.05), while both spring and summer air temperatures have increased at 0.08 AE 0.06 and 0.05 AE 0.03 C/a, respectively. These latter trends, however, are not significant at the p < 0.05 level. Fall air temperatures have exhibited an insignificant (p > 0.05) cooling trend over this period of À0.03 AE 0.05 C/a. Thus, changes in wintertime air temperature are the primary driver of changes in mean annual NSAT. While air temperatures appear to be increasing more quickly during winter and spring than summer, the implications of rising air temperatures during the melt season are more acute. For example, the record brief near-entire ice sheet surface melt on 11-12 July 2012 occurred as mean hourly NSATs at Summit exceeded 0 C for a combined 7 h, reaching a maximum temperature of 0.6 C. Each data point represents one independent NSAT measurement. Circles denote meteorological station observations, squares denote firn temperature observations, and diamonds denote satellite-derived MERRA data. Observations are color-coded by collection agency and/or project (Table S1 ). There is a significant warming trend of 0.09 AE 0.01 C/a from 1982 to 2011 (r = 0.61, df = 74, p < 0.01). Inset: Observed versus MERRA NSAT during the 1979-2011 period (r = 0.74, n = 27, p < 0.01). ( Figure 3a) . A bounded extrapolation of this trend now suggests, with 95% confidence intervals, that the dry snow facies of the GrIS will inevitably transition to percolation facies, as both the upper and lower confidence bounds have positive slopes. There is a 50% probability of the mean annual dry snow line migrating above Summit by 2025, at which time Summit will experience routine melt on an annual basis. The surface mass balance observations similarly indicate that the ELA has migrated upwards at a rate of 44 m/a over the 1997-2011 period in West Greenland, resulting in a more than doubling of the ablation zone width during this period (Figure 3b ). Linear trends with elevation translate into exponential trends with distance when applied to the pronounced convex parabolic profile of the ablation zone.
Mechanisms of Recent Warming
[14] A persistent atmospheric circulation pattern, manifested as an anti-cyclonic high-pressure anomaly over the GrIS during the summer seasons from 2007-2012, has enhanced warm air advection along the west coast of Greenland and contributed to recent records in melt extent and runoff [e.g., Box et al., 2011 Box et al., , 2012a Hanna et al., 2012; Tedesco et al., 2013] . While this pattern is consistent with the strongly negative North Atlantic Oscillation index during this period [Tedesco et al., 2013] , a more specific metric, the Greenland Blocking Index, which emphasizes the 500 hPa anomaly over the GrIS region, is more strongly correlated with GrIS surface mass balance over recent decades [Hanna et al., 2012] .
[15] We note, however, that the long-term NSAT record suggests that the ongoing atmospheric warming at Summit began in the mid to late 1980s and thus is not solely a function of this specific circulation pattern. Gardner and Sharp [2007] attribute a shift to increased July air temperatures and decreased surface mass balance in the Canadian High Arctic after 1986 to a weakening and shifting of the circumpolar vortex. As a result of these changes in the circumpolar vortex, the Canadian High Arctic has become more thermally homogenous with lower latitudes, and hence warmer, since 1986 [Gardner and Sharp, 2007] . We interpret the nearcoincident shift in air temperatures at Summit, Greenland, as suggesting that the air temperature at Summit responds to changes in the polar vortex in a similar manner to air temperatures in the Canadian High Arctic. The intensity of this near surface warming since the late 1980s has been exacerbated by the dramatic reduction in Arctic Ocean sea ice cover [Screen and Simmonds, 2010a; Cavalieri and Parkinson, 2012] . The loss of summer sea ice cover not only permits a greater absorption of shortwave radiation during the summer, and hence a warming of the surface waters, but also increases the duration of ice free conditions into the fall/early winter, which enhances the longwave energy flux back to the atmosphere later in the year [Screen and Simmonds, 2010a] . The dominance of the winter warming trends throughout the Arctic has been attributed to this latter process, although the forcing is observed to decrease rapidly with atmospheric height, so its impact may be limited at Summit [Screen and Simmonds, 2010b] . Others have argued that warming aloft at 700-500 hPa is driven by increased heat transport from afar, likely in response to increased sea surface temperature, although the statistical significance of this forcing is limited to the summer [Graversen et al., 2008; Screen et al., 2012] .
Implications for Greenland's Snow Zones
[16] The melting observed at Summit in 2012 was an unprecedented event in the context of the observational record, and an extreme event in the context of the paleoclimate record [Clausen et al., 1988; Meese et al., 1994; Alley and Anandakrishnan, 1995] . We suggest, however, that the GrIS-wide melt event witnessed in 2012 is an anticipated consequence of the observed decadal scale atmospheric warming, rather than a singular extreme event. Our bounded extrapolation of an 18 year trend in dry snow line elevation, which assumes a constant rate of future change and subsequent response, demonstrates that Summit can no longer be reasonably expected to reside in the dry snow facies beyond 2025. This is in stark contrast to residing in the dry snow facies throughout the entire Holocene, except for rare, century-scale, extreme events [Alley and Anandakrishnan, 1995] . Regardless of the exact timing of this transition, there are important implications to a shrinking dry snow facies. First, an expansion of the percolation facies will contribute to a positive albedo feedback, whereby accelerated snow grain metamorphism lowers the surface reflectance and increases the absorption of solar radiation, further enhancing surface melt over a large area of the GrIS [Greuell, 2000; Box et al., 2012b] . Second, increased meltwater production over the lower reaches of the percolation facies can subsequently refreeze, substantially warming the near surface firn through the release of latent heat, significantly changing the surface temperature of the ice sheet with unknown effects on the supra-and en-glacial hydrology systems [e.g., Humphrey et al., 2012] . Lastly, this expansion will increase the area over which parameterizations of runoff and retention, which are highly sensitive to local snowpack properties and stratigraphy, must be implemented in prognostic models. The relative proportions of retention and runoff are currently a major uncertainty in projecting the future sea-level-rise contribution of the GrIS [Reijmer et al., 2012] . Recent field observations suggest meltwater runoff will be buffered from high elevations, as any melt will infiltrate and refreeze in the firn . The ability for thick ice lenses produced by extreme melt events (i.e., 2012) to isolate this potential firn reservoir is unknown.
[17] The upward migration of the ELA and consequent nonlinear expansion in ablation area and contraction in accumulation area has clear surface mass balance implications. There are, however, also potential thermomechanical feedbacks that remain poorly understood. At present, summer acceleration in ice velocity, of up to 100% for several weeks, is widespread throughout land-terminating portions of the West Greenland ablation zone [Joughin et al., 2008] . This distinct summer acceleration results from increased basal sliding resulting from increased meltwater being delivered to an inefficient subglacial drainage system [Zwally et al., 2002; Joughin et al., 2008] . An expansion of the ablation zone will result in a larger region of the ice sheet experiencing acceleration in summer ice velocity, potentially increasing net ice discharge into the ablation zone. An increase in bare ice area will also increase the area over which crevasses are exposed at the surface. The net effect of increasing surface crevasse extent on ice sheet mass balance is poorly understood, as crevasses can alter both ice dynamics and surface mass balance via competing processes, such as enhancing deformational flow via cryo-hydrologic warming while suppressing basal sliding via attenuating meltwater pulses and enhancing meltwater production via decreasing surface albedo while increasing the retention fraction via increasing bulk ice porosity [Phillips et al., 2010; Colgan et al., 2011; McGrath et al., 2011] .
Summary Remarks
[18] The 0.09AE 0.01 C/a warming trend in mean annual NSAT observed at Summit, Greenland ranks in the 99th percentile of all globally observed warming trends over the 1982-2011 period. While the increase in NSAT appears to be dominated by winter season warming, summer season warming is significantly altering the snow zones of the GrIS. The 0 C IE and ELA are currently rising by 35 m/a and 44 m/a, respectively, in West Greenland. Due to the convex parabolic profile of the ice sheet, this is driving an exponential increase in the width of the ablation zone in West Greenland. While the surface melt that occurred at Summit in 2012 may be viewed as an extreme event in a paleoclimatic perspective, we suggest that it is an anticipated consequence of the ongoing climate change that is forcing the Arctic climate toward a warmer state. Extrapolation of observed trends now suggests, with 95% confidence intervals, that Summit will inevitably transition from dry snow facies to percolation facies. There is a 50% probability this transition to routine annual melt will occur by 2025. This transition will signal the loss of the last major dry snow zone in the Arctic.
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